In this paper we investigate the utility of the COI DNA barcoding region for species identification and for revealing hidden diversity within the subgenus Trichodagmia and related taxa in the New World. In total, 24 morphospecies within the current expanded taxonomic concept of Trichodagmia were analyzed. Three species in the subgenus Aspathia and 10 species in the subgenus Simulium s.str. were also included in the analysis because of their putative phylogenetic relationship with Trichodagmia. In the Neighbour Joining analysis tree (NJ) derived from the DNA barcodes most of the specimens grouped together according to species or species groups as recognized by other morphotaxonomic studies. The interspecific genetic divergence averaged 11.2% (range 2.8-19.5%), whereas intraspecific genetic divergence within morphologically distinct species averaged 0.5% (range 0-1.2%). Higher values of genetic divergence (3.2-3.7%) in species complexes suggest the presence of cryptic diversity. The existence of well defined groups within S. piperi, S. duodenicornium, S. canadense and S. rostratum indicate the possible presence of cryptic species within these taxa. Also, the suspected presence of a sibling species in S. tarsatum and S. paynei is supported. DNA barcodes also showed that specimens from species that were taxonomically difficult to delimit such as S. hippovorum, S. rubrithorax, S. paynei, and other related taxa (S. solarii), grouped together in the NJ analysis, confirming the validity of their species status. The recovery of partial barcodes from specimens in collections was time consuming and PCR success was low from specimens more than 10 years old. However, when a sequence was obtained, it provided good resolution for species identification. Larvae preserved in 'weak' Carnoy's solution (9:1 ethanol:acetic acid) provided full DNA barcodes. Adding legs directly to the PCR mix from recently collected and preserved adults was an inexpensive, fast methodology to obtain full barcodes. In summary, DNA barcoding combined with a sound morphotaxonomic framework provides an effective approach for the delineation of species and for the discovery of hidden diversity in the subgenus Trichodagmia.
Introduction
Rapid and reliable identification of species is paramount in many aspects of biological research, especially for studies in systematics, ecology, evolutionary biology, conservation biology, biodiversity, and biomonitoring. stressed that correct species identification not only allows access to the literature on a taxon, but also permits the implementation of control measures for species of medical or agricultural importance. They further argued that misidentifications could lead to inadequate control measures with negative socioeconomic implications. Threats of biodiversity loss induced by anthropogenic change, and the ongoing loss of taxonomic expertise (known as the taxonomic impediment) (Hoagland 1995 , House of Lords 2002 , Wheeler et al. 2004 ) have spurred the scientific community to search for faster methods for species identification (Cywinska et al. 2006; Godfray 2002; Monaghan et al. 2005 ). However, current approaches to species identification rely heavily upon morphology-based procedures, which typically require substantial training to implement, are time-consuming, and may not always provide resolution to the species level (Cywinska et al. 2006; Packer et al. 2009 ). Hebert et al. (2003a,b) proposed the use of a small portion of the mitochondrial cytochrome c oxidase unit I (COI) gene as a standardised DNA marker (DNA barcode) for species identification, an approach which has invigorated taxonomy, and gained broad acceptance. In early tests Hebert et al. (2003a,b) demonstrated that DNA barcodes reliably identified nearly 96.4% of the seven phyla they tested. When applied to the eight insect orders of Hexapoda, the methodology identified 100% of taxa to the correct order. Within the order Lepidoptera, a hugely biodiverse group, the success rate was 100% using a sample of 200 species from five different families. In a further study, Hebert et al. (2004) applied DNA barcoding to a common New World butterfly species, Astraptes fulgerator Walch (Hesperidae). They reared numerous caterpillars from the Guanacaste Conservation Area in Costa Rica, and barcoded all caterpillars and their respective emerged adults, and also specimens of the adult butterfly held in museums. After correlating the DNA barcode with caterpillar coloration patterns and their different food plants, the authors discovered that Astraptes fulgerator was a complex of ten cryptic species, which appeared as different clusters in a Neighbour-Joining analysis tree. The freshly collected specimens clustered nicely with those specimens held in museum collections. As a consequence, Hebert et al. (2003a,b) and Hebert et al. (2004) [also detailed in Stoeckle & Hebert, 2008] advocated that integrating DNA barcoding into traditional taxonomic tools would be a valuable approach for disclosing hidden biodiversity more rapidly and more reliably than traditional methods alone. This is because phenotypic plasticity and morphological variation more easily led to misidentifications. They further argued that using identification keys is time consuming, and more and more people lack the taxonomic expertise to use them correctly.
Many studies have discussed why mitochondrial genes are good universal markers for taxonomy and systematics. For example, mitochondrial genes might be better makers than nuclear genes because of their abundance (1000's copies per cell), lack of introns, limited exposure to recombination and haploid mode of inheritance (Hebert et al. 2003a,b; Ruiz 2010; Saccone et al. 1999; Simon et al. 1994 Simon et al. , 2006 . Similar to the other 12 protein-coding genes in the animal mitochondria, mitochondrial COI third codon positions shows a high incidence of base substitutions, leading to a rate of molecular evolution that is about three times greater than that of the ribosomal genes 12S or 16S (Knowlton & Weigt 1998) . Therefore, the evolution of the COI can be fast enough to allow for the delineation of closely related or sibling species, and even phylogeographic groups within a single species (Abascal et al. 2006; Cox & Hebert 2001; Hebert et al. 2003a,b; Hunter et al. 2008; Ilmonen et al. 2009; Pramual et al. 2005; Shufran et al. 2000) . However, COI appears to have a greater range of phylogenetic signals than other mitochondrial genes such as cytochrome b (Dijkstra et al. 2003; Simmons & Weller, 2001) , because changes in the COI amino-acid sequence occur more slowly. Thus, by examining amino acid substitutions it may be possible to assign any unidentified organism to a higher taxonomic group (e.g. phylum or order) (Hebert et al. 2003a,b) , before examining nucleotide substitutions to determine its species identity. Another advantage of the COI gene is that universal primers for this gene are robust, enabling the recovery of its 5' end from most, if not all, animal phyla (Folmer et al. 1994; Hebert et al. 2003a; Zhang & Hewitt 1997) .
Since the advocacy of Hebert et al. (2003a,b) for DNA barcoding in taxonomy, the approach has been both praised and dismissed for its simplicity. Lane (2009) described how many people assume that the DNA barcode misses taxonomic subtleties that can only be revealed through either traditional systematics and/or more extensive sequencing. Other potential problems that have been described include: the need for specimens (either from the field or from collections) that have been reliably identified by morphotaxonomists (thus a priori taxonomic resolution is paramount); the inability of COI barcoding to recognize hybrids because of maternal inheritance (Moritz & Cicero 2005; Kress & Erickson 2008) ; the presence of introgression, heteroplasmy and pseudogenes (Hlaing et al. 2009 ) is very common in natural populations of species (which can mislead the results in phylogenetic analysis, especially non-monophyly); signals of non-monophyly in certain species complexes (e.g. Conflitti et al. 2012) , and DNA barcoding is "just" a diagnostic tool not a Tree of Life (A. Radulovicci, University of Quebec, pers. comm.). A further argument is that COI, as a typical mtDNA marker, is particularly prone to selective sweeps and its populations dynamics may be driven by intracellular symbionts. A paper by Taylor & Harris (2012) continue fuelling the dispute by claiming that next generation (high throughput) sequencing will potentially render the DNA barcoding irrelevant because of the speed with which it generates large volumes of genomic data.
In addition, the use of museum specimens for selected species is sometimes the only material available to gather DNA data for molecular analysis as a result of habitat destruction (Schander & Halanych 2003) . This presents another problem for DNA barcoding campaigns as it may be unknown how the specimens were originally collected, or what were the environmental conditions in which they were kept before being accessioned into the collection. It is well documented that collecting and preservation techniques can have a direct effect on the quantity and quality of the DNA isolated from museum specimens (Dean & Ballard 2001; Quicke et al. 1999; Knölke et al. 2005; Shokralla et al. 2011) . In groups such as blackflies, the presence of parasites in the gut and pigments in the adult's head are known to inhibit the PCR reaction (Koch et al. 1998) . Also, it is common practice for simuliid larvae to be collected in Carnoys' fixative (a mixture of 3:1 parts of absolute alcohol and glacial acetic acid) for cytological analysis. However, the acetic acid appears to degrade DNA sometimes rendering specimens problematic for molecular studies (Koch et al. 1998; ). It is not always appreciated that specimens from a museum have not always been correctly identified, and obviously if a DNA sequence is obtained from a specimen that has been incorrectly identified and then submitted to a database such as GenBank, this would only contribute to the perpetuation of poor taxonomy (Linton et al. 2002; Ruiz 2010) . Nonetheless, certain approaches such as the use of a shorter amplicon of the DNA COI region (c. 100 bp to c. 180 bp) (minibarcode) are being tested (Hajibabei et al. 2006a; Meusnier et al. 2008; Shokralla et al. 2011) to overcome these museum issues. In addition, DNA protocols standardized by Krüger et al. (2000) and Conflitti et al. (2010) have shown that genetic data can be recovered from larvae preserved in Carnoy's solution, if analyzed up to two to three months or longer after collection.
In essence, DNA barcoding has been postulated as a viable tool to enhance taxonomic research by discovering new taxa and verifying morpho-taxonomic hypotheses, as well as a tool for rapid identification. However, because of the above problems, DNA barcoding has been the subject of a vigorous debate in the scientific community between those embracing it (e.g. Kress & Erickson 2008; Miller 2007; Schindel & Miller 2005) , and those opposing it (e.g. Ebach & Holdrege 2005; Hickerson et al. 2006; Mallet & Willmott 2003; Meyer & Paulay 2005; Moritz & Cicero 2005; DeSalle et al. 2005; Wheeler 2005; . However, Lane (2009) [citing Donald Hickey, an evolutionary molecular biologist] concluded that whatever the argument "the fact is that these short sequences yield surprisingly accurate information about the composition of the entire genome". In addition, Hajibabaei et al. (2007a) , and Hebert and Gregory (2005) argued that the proposal of Hebert et al. (2003a,b) was never intended to replace morphotaxonomy, but to complement it. DNA barcoding has been labelled "The renaissance of taxonomy" (Miller, 2007; Schindel and Miller, 2005) , while other authors questioned if this taxonomic impetus is truly a renaissance or a "Tower of Babel" (Mallet & Willmott 2003) . Systematists such as Wheeler (2005) have called it "the return to the failed paradigms of phenetics and single character typology" and "an excursion into futility", and Lipscomb et al. (2003) believed that barcoding would "reduce taxonomy to a mere technical service". Furthermore, poor success in certain taxa such as Cnidaria (Hebert et al. 2003b ) and plants (Golding et al. 2009 ) has only fuelled the debate.
Nonetheless, in spite of some of the arguments over its limitations, empirical evidence is increasingly showing that DNA barcoding can be very useful for species identification in many biodiversity-rich groups of organisms (Packer et al. 2009 ), such as butterflies (Burns et al. 2007 (Burns et al. , 2008 (Burns et al. , 2009 (Burns et al. , 2010 Hajibabaei et al. 2006b; Hebert et al. 2003a; Janzen et al. 2005) , mosquitoes (Cywinska et al. 2006; Kumar et al. 2007; Ruiz 2010) , aquatic insects (Zhou et al. 2009 ), tachinids (Smith et al. 2006 (Smith et al. , 2007b (Smith et al. , 2008 , beetles (Monaghan et al. 2005) , birds (Hebert et al. 2004; Kerr et al. 2007) , fishes Ward et al. 2005; Zemlak et al. 2009 ), amphibians (Smith et al. 2007a ) and mammals (Borisenko et al. 2007; Clare et al. 2007) [for further information on international barcoding campaigns see http://ibol.org as detailed by Ratnasingham & Hebert (2007) ]. Its application has also proven successful in rapid biodiversity assessment studies and biomonitoring (Hajibabei et al. 2007b (Hajibabei et al. , 2011 Smith et al. 2005; Sweeney et al., 2011) , in the forensic sciences (Dawney et al. 2007) , in the investigation of the illegal trade of endangered species (Allen, 2009) , in studies on feeding ecology (e.g. Bourlat et al. 2008; Emery et al., 2009) , and conservation initiatives (e.g. Hajibabei et al. 2007b; Smith et al. 2005) . But perhaps most importantly, DNA barcoding has proved a versatile tool in the study of taxonomically difficult blackfly taxa, where identification is hampered due to cryptic species or phenotypic plasticity or in facilitating the association between different developmental life stages (Ahrens et al. 2007; Sweeney et al. 2011) . It also has the advantage that it may provide the association of museum specimens, whose DNA is degraded, with more recently collected specimens of the same species (Hajibabaei et al. 2006a; Meusnier et al. 2008) or the identification of vertebrates hosts from arthropods blood meals (Alcaide et al. 2009 ).
Simuliidae are morphologically very conservative in comparison with many other groups of Diptera (Crosskey, 1990 ) with consequent problems in defining all taxonomic ranks including subgenera, species groups and species. At the species level sibling species are the norm , and polytene chromosome analysis currently provides the most reliable method for assessing species status and defining species boundaries, because diagnostic chromosomal inversions provide a direct test of reproductive isolation. However, polytene chromosomes are normally only suitable for analysis from late instar larvae (resulting in problems of identification of other life stages), and isosequential species are known to occur, although it is unclear whether they are common or rare. Therefore the application of molecular methods such as DNA barcoding carries potential value in Simuliidae. The first studies employing COI DNA barcoding relevant to the Nearctic Simuliidae were those of Rivera Castillo (2008) , and Rivera and Currie (2009) . They examined 10 genera and 65 species of Simuliidae in North America, and found genetic divergences between species of 2.83-15.33% and intraspecific genetic divergences of 0-3.84% for morphologically distinct species. They revealed that DNA barcodes correctly identified nearly 100% of the morphologically distinct species, and within species complexes (only 13% of the sampled taxa) maximum values of divergence were much higher, which indicated the presence of cryptic diversity. In Europe, DNA barcodes contributed to the confirmation of the species status of S. galeratum Edwards ) and the presence of S. petricolum (Rivosecchi) (Day et al. 2010) in Britain, and the delineation of the Simulium vernum group in Finland and Sweden (Ilmonen et al. 2009 ). In a similar molecular marker framework approach but using part of the cytochrome oxidase subunit II (COII), Hellgren et al. (2008) carried out a study to decipher the associations between bird hosts, blood parasites and the simuliid vectors using female blood meals in Sweden.
There is a paucity of DNA barcoding data for Simuliidae in the Neotropical Region. However, preliminary information has been obtained by Pepinelli et al. (2009) for 63 nominal species of the genera Gigantodax (11 species), Lutzsimulium (three species), Pedrowygomyia (one species) and Simulium (48 species). Pepinelli et al. (2009) Hamada et al. (2010) described the new species S. lithobranchium from Brazil, based upon morphological differences of the male genitalia, the presence of dorsal tubercles in the larvae, and a high intraspecific genetic divergence (>4%) in the barcoding sequences they analyzed. Shelley et al. (2010) and Hernández (2011) have dealt with the classical taxonomy of the subgenus Trichodagmia, and outlined the haematophagous behaviour of several Trichodagmia species along with their medical importance as vectors of human onchocerciasis (e.g. S. guianense s.l.) or as putative etiological agents of Pemphigus Foliaceus in Brazil (e.g. S. nigrimanum). The presence of aquatic (egg, larva and pupa) and aerial (adult) life stages, in combination with their structural homogeneity, makes the taxonomy of Trichodagmia (and of Simuliidae in general) a difficult task. A further complication is the presence of known sibling species complexes in species such as S. guianense s.l. and S. virgatum s.l., which would require the examination of the larval salivary gland polytene chromosomes for identification. Therefore, Trichodagmia blackflies provide good candidates for species identification facilitated by DNA barcoding in the same way that this is being carried in other vector groups such as mosquitoes (e.g. Cywinska et al. 2006; Kumar et al. 2007; Ruiz 2010) .
The objectives of this paper are threefold: 1-To test the robustness of DNA barcoding for the identification of known species of the subgenus Trichodagmia (and related taxa) using specimens already identified by morphological traits; 2-To test the use of DNA barcoding to reveal hidden genetic diversity in the subgenus Trichodagmia and related taxa; 3-To provide preliminary results on the use of midi-and mini-barcodes for the identification of Trichodagmia species held in the BMNH Simuliidae collection.
Material and methods
Collection of specimens. In general, standardised collection protocols of the BMNH were used as detailed in Hernández (2007) . Larvae, pupae and preferably link-reared adults were collected in various countries throughout South America. Specimens from North America were identified, and loaned or donated to the BMNH by P.H. Adler (CUAC) ( Table 1) , and DNA barcoding sequences of some other non-South American taxa related to the subgenus Trichodagmia (such as the subgenera Aspathia and Simulium s.str.) were downloaded from GenBank [http://www.ncbi.nlm.nih.gov/genbank]. Sequences from Simulium posticatum were provided by J. Day (Centre for Ecology and Hydrology, Wallingford, UK) (Table 1) , while sequences of the recently described S. lithobranchium (Hamada et al. 2010 ) and related taxa (S. duodenicornium, S. guianense s.l., S. orbitale and S. scutistriatum) were provided by M. Pepinelli, Brazil (see also Appendix 1).
Recently collected material (2005) (2006) (2007) (2008) (2009) (2010) preserved in alcohol was maintained at low temperature (5ºC) until taken to the laboratory for molecular analysis. The alcohol was changed once before storing the vials until the analysis was carried out. The pinned material (female man-biting or link-reared adults) was kept at room temperature in insect drawers without naphthalene.
DNA extraction, PCR and sequencing. Fresh material. Larvae of species to be used for molecular analyses had not had their digestive track disturbed to reduce contamination . Larval specimens had a long strap of the posterior abdominal wall removed, while the head and thorax were retained as vouchers following the protocols of the Canadian Centre for DNA Barcoding (CCDB-http://www.dnabarcoding.ca). When pupae were selected for analysis, part of the thorax, gill and cocoon was retained as a voucher; and only the pharate pupal abdomen and/or region around legs were used for the DNA extraction. In the case of adults preserved in alcohol or pinned, two to three legs were removed from the specimen for DNA extraction, and the remainder of the body retained as a voucher. In the case of pinned material, a yellow label stating "Legs removed for DNA barcoding" was attached to the pin as recommended by Golding et al. (2009) . Forceps used for dissection were flame-sterilised between specimens to avoid transfer of DNA ).
All body parts were deposited into 96 well plates and DNA extraction, PCR and sequencing was carried out at the high throughput facility at the Institute of Biodiversity (BIO), University of Guelph, Canada. A digital image of each specimen was taken at the Digital Imaging Suite at BIO employing a Leica compound microscope equipped with a Z-stepper and attached to a digital camera. The detailed specimen records, sequence information (including trace files), and digital images were uploaded to the Barcoding of Life Database (BOLD-http:// www.boldsystems.org). The information for specimens and digital images can be found in the project files in BOLD: 'New World Blackflies Hernández_2008' and 'Blackflies of the New World_Hernández 2009, 2010'.
The DNA extraction, PCR amplification and sequencing of the specimens followed the CCBD protocols (Ivanova, deWaard & Hebert-www.dnabarcoding.ca) . In general, extractions were performed using a 96 multichannel Biomek NX robotic liquid handler (Keckman Coulter Inc.) with a Thermo Cytomat hotel. Polymerase chain reaction primers were those developed by Folmer et al. (1994) , which are considered standard to amplify c. 658-bp long target region of the COI gene (Hebert et al. 2003a,b) : LCO1490 (5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) and HCO 2198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′). Samples that did not yield DNA, were re-amplified using a different cocktail of primers (Folmer et al. 1994) to amplify a shorter fragment (between 200-400 bp) of the COI DNA barcoding region (midi-barcode): LepF (5'-ATT CAA CCA ATC ATA AAG ATA TTG G-3'); and LepR (5'-TAA ACT TCT GGA TGT CCA AAA AAT CA-3').
Both forward and reverse strands were sequenced using BigDye Terminator (version 3.1) or ABI PRISM 3730 capillary sequencher (Applied Biosystematics). All DNA extractions, PCR amplification conditions and sequencing protocols are available at www.dnabarcoding.ca/CCDB_sequencing.pdf.
Museum collections. Given the potential difficulty of obtaining DNA from older museum specimens, a working rationale was established to barcode specimens of Trichodagmia deposited at the BMNH Simuliidae collection. Specimens were only used when it was clear that they had been collected in accordance with protocols for blackflies implemented by R.W. Crosskey and A.J. Shelley at the BMNH (see Hernández, 2007) . In addition, specimens of Trichodagmia were only used when identification labels showed that they had been identified either by P.H. Adler, S. Coscarón, R.W. Crosskey, A.J. Shelley, or L.M. Hernández-Triana. The methods below were all performed at the Molecular Biology Facility (MBF) of The Natural History Museum, London. TABLE 1. List of Trichodagmia species and related taxa and number of specimens (n) used in the full barcode data set. Mean (%) intraspecific values of genetic divergence (K2P) are shown, with missing entries indicating that only a single specimen was analyzed. Species complexes (*) or taxa suspected to be complexes (**) (see Eighty-eight specimens from 12 species, and of various ages from 1-30 years (either pinned or preserved in 80-96% alcohol), were selected for DNA extraction (Table 2 ). In addition, specimens of S. ornatum s.l. of the subgenus Simulium s.str. preserved in 'weak' Carnoy's solution (9:1 ethanol:acetic acid) and identified by R.J. Post (unpublished data) were DNA barcoded one year after they were collected (Table 2) .
Two destructive and two non-destructive DNA extraction methodologies were employed as follows: Non-destructive method 1: Two to three legs were detached from pinned specimens and added directly into the PCR tubes which contained 7.35ul of water plus 2.5ul of PCR buffer (HH4). The remaining ingredients for the PCR mix was subsequently added once the legs were already inside the tubes. PCR was carried out directly on the detached legs without an actual DNA extraction being carried out.
Non-destructive method 2: Pinned specimens were softened in a humidity chamber overnight. Abdomens were subsequently removed and placed immediately in ATL buffer (Qiagen DNeasy blood and tissue kit) for several hours. After incubation, the abdomens were washed in water, then in alcohol, and placed in a small plastic vial containing glycerine attached to the pinned adult, as retaining voucher specimens is essential for DNA barcoding projects (Hunter et al. 2008) . DNA was extracted from the ATKL buffer lysate using a Qiagen DNeasy kit following manufacturer's instructions.
Destructive method 1: Adults or immature stages preserved in spirit were first placed into 1xTE solution and stored at 4°C until they sank. The TE solution was then replaced with 100µl of lysis buffer including proteinase K (0.1% SDS, 0.004% EDTA, 0.015% NaCl, 0.005% TrisHCL and 0.1µg per µl of proteinase K), and the samples homogenised with Kontes pellet pestle motor with plastic disposable pestles (Anachem Ltd.). After 2.5 hours incubation at 56°C, 20ul of Lysate was added to 200µl of 5% Chelex solution, which was placed in a shaking incubator at 56°c 200rpm for 1 hour. Samples were centrifuged at 13krpm for 1 min, before the supernatant was used as template for the PCR reactions.
Destructive method 2: Only immature stages preserved in more than 80% alcohol were used. Part of the larvae and pupal abdomen were cut in half. The abdomen or thorax to be extracted were placed in 1xTE and incubated at 4ºC until the body part sunk in the Eppendorf tube (normally after two hours). The TE was then removed and 200µl of ATL buffer was added to the Eppendorf tube. Each sample was ground using an electric pestle and incubated at 56ºC overnight. The tube containing the sample was then transferred to -20ºC until completely frozen, and the samples were then thawed at room temperature. This process maximized the breakdown of cells through the formation of ice crystals. DNA was then extracted using either a Qiagen DNeasy blood and tissue kit, or Qiagen QiaAmp mini kit following the manufacturer's recommendation. When legs or abdomens were used from pinned specimens, yellow labels were added to the pin stating that this structure had been removed for barcoding (Golding et al. 2009 ).
PCR amplification was first attempted for the full DNA barcode region using the primers HCO and LCO (Folmer et al. 1994) following the PCR conditions of Hebert et al. (2003a,b) . Specimens that did not provide a full barcode, were then amplified using the midi-barcode primers MLepF1/LepR1, and LepF1/MLepR1 as in the CCDB protocols (see above). Samples that yielded a full or a midi-barcode were not further tested. However, specimens of selected species which had not yielded amplicons were then used for PCR amplification employing the mini-barcode primers (Uni-MinibarR1: 5'-GAA AAT CAT AAT GAA GGC ATG AGC-3'; Uni-MinibarF1: 5'-TCC ACT AAT CAC AAR GAT ATT GGT AC-3') and PCR conditions detailed by Hajibabei et al. (2006a) and Meusnier et al. (2008) .
PCR products were visualized on 1% Agarose gels, and samples that showed a well defined band were sent for sequencing at the NHM, MBF. Successful PCR products were cleaned using Millipore multiscreen PCR 96 filter plates according to manufacturer's instructions and sequenced bi-directionally using BigDye terminator reaction mix v3.1, in a 3730xlDNA analyser (Applied Biosystems).
Sequence analysis. Paired nucleotide sequences (amplified with the LCO1490 and HCO2198 primers) were used to produce a single consensus sequence from each of the full length barcode amplicons. To achieve this, individual forward and reverse sequences were oriented, edited and aligned using the Sequencer (v.4.5; Genes Codes Corporation, Ann Harbour, MI), GenDoc (v. 2.6.02) and ClustalX sequence analysis programs. These edited consensus sequences were then aligned together with COI sequences of a set of taxonomically relevant species downloaded from GenBank (Table 1 ; Appendix 1). The resultant trimmed alignment required no manual adjustments and spanned 606 nucleotide positions.
Following conceptual translation using the mitochondrial genetic code in the emboss transeq tool (available from the EMBL web site-www.ebi.ac.uk/Tools/emboss/transeq) and BLASTp homology comparison with sequences from the NCBI non-redundant protein database, all of the consensus sequences were seen to code for the uninterrupted open reading frame from the COI protein sequence. The sequences generated from the midi-barcode analysis (ca. 220 to 450 bp) were aligned and edited in the same way. Where possible, a synthetic full-length barcode was created from a contig made with the 5' prime and 3' prime sequences amplified with the two midibarcode amplicons for selected species. These sequences are identified in the alignment and Figure 1 with the prefix "ConSC".
These alignments were used in a variety of analyses, which were carried out using the PHYLIP v.3.67 software package suite (Felsenstein 2007 ; available at www.evolution.genetics.washington). Distance matrixes were generated using the Dnadist program implementing the Kimura 2-parameter model option (K2P). Neighbour Joining (NJ) trees were inferred from these matrices using the Neighbour program. Trees generated in this way were visualised with TreeView 1.6.6. (Win32) (Page 2001 ) and/or FigView (Rambaut 2007 . The trees were exported as "GIF.files" to be edited in Photoshop (v.7.0.1). The robustness of the trees generated by these methods was tested using 1000 pseudoreplicates, generated in Seqboot, and compiled using the Consense program. Consensus trees are not shown in this paper, but informative bootstrap-supported nodes (identified from the consensus trees) are indicated where appropriate on the representative distance trees that are shown. Only more than 80% support values were shown on the tree following Elias et al. (2007) , and Pawlowski and Lecroq (2010) . The full data set was also analyzed in MEGA5 (Tamura et al. 2007 ) as recommended by Cywinska et al. (2006) and Hebert et al. (2003a,b) .
Pairwise distances (K2P) for species complexes and suspected species complexes were calculated separately as recommended by . They proposed this approach because it helps to evaluate the level of genetic divergence within each species complex, thereby testing cytological evidence that implies a degree of cryptic diversity.
The identification capability of the midi-and mini-barcodes was first assessed using the BLAST search engine at NCBI (http//www.ncbi.nlm.nih.gove/genbank), which is now connected to the COI library database in BOLD. Sequences were selected for further analysis when they agreed with the species identification based on the morphology. All such sequences were reduced to 416 bp long to make the data comparable. A NJ analysis was carried out using the K2P to represent their clustering pattern. Mini-barcodes were analyzed in a similar way, but they were not mapped in the NJ tree.
Results

Full length barcodes
A total of 25 species belonging to the subgenus Trichodagmia (sensu Shelley et al. 2010) , and three species of the subgenus Aspathia and nine species in the subgenus Simulium s.str. were included in the analysis. The studied taxa were represented by various numbers of individuals, often including representatives of different populations across their distribution range (Table 1 ). In total, 350 full sequences of the Cytochrome Oxidase I barcoding region were used in the analyses.
In most cases, individuals of the same species grouped together even when samples were geographically distant. However, three specimens did not show this pattern (Fig. 1) . A single specimen of S. guianense s.l. grouped with S. lithobranchium. This is not surprising as S. guianense s.l. is morphologically and genetically very similar to S. lithobranchium (Hamada et al. 2010; Hernández 2011; Shelley et al. 2002a) . A single specimen of S. tuberosum s.l. clustered with S. rostratum with a 90% bootstrap value. These species are also morphologically similar and were nested together in the NJ tree of Rivera and Currie (2009) . These results could be a consequence of misidentification, genetic introgression between closely related species, or incomplete lineage sorting. However, a single specimen of S. virgatum s.l. nested within specimens of S. guianense s.l. and these species are only distantly related in separate species groups. A possible explanation is that this is a result of DNA contamination, or perhaps a labelling error in the database. However, the original data were checked in combination with the quality of this sequence and neither of these issues was found. In general, members of the same subgenus or species group FIGURE 1. Bootstrapped Neighbour Joining (NJ) tree constructed using the Kimura 2-parameter (K2P) genetic distances of the DNA barcoding region profile (606bp) for 25 species of the subgenus Trichodagmia (as proposed in Hernández, 2011) , three species for the subgenus Aspathia, and nine species for the subgenus Simulium s.str. Six species complexes and two suspected species complexes were included in the analysis. Bootstrap values higher than 80% are shown in the tree below each node. Red arrows highlight those specimens that did not group with the corresponding species cluster. tended to be grouped together, e.g. subgenus Aspathia, Simulium and the ORBITALE and PICTIPES species groups, although this did not hold true in the CANADENSE and TARSATUM species groups (Fig. 1) . Nonetheless, certain groups of morphospecies identified by Hernández (2011) as related to S. virgatum s.l. appear as a single group in the NJ tree (S. hippovorum, S. paynei, S. rubrithorax, and S. virgatum s.l.) .
Levels of sequence divergence were variable across the taxa examined. Thus, while conspecific individuals collected from a single site often exhibited zero or small divergence values, other specimens sometimes exhibited higher values (within S. huairayacu for example) ( Table 1 ). The intraspecific divergence averaged 0.5% (range 0-1.2%) ( Table 1) , while interspecific genetic divergence averaged 11.2% (range 2.8-19.5%) ( Table 3) .
Genetic divergence values were higher between species from different previously assigned subgenera [now recognized as species groups in Hernández 2011] Table 3) .
Although sibling species were not cytotyped in this study, it would be expected that genetic variation between random individuals from sibling species complexes would show, on average, higher levels than between random individuals from within morphospecies which were not sibling species complexes, as suggested by Rivera and Currie (2009) , and this would be revealed in the NJ tree by relatively deeply divergent groups within species complexes. Known species complexes (S. guianense s.l., S. virgatum s.l., S. arcticum s.l., S. tuberosum s.l.) (Adler et al., 2004 (Adler et al., , 2012 Charalambous et al. 1996) or suspected complexes (S. murmanum (Adler et al. 2004) , S. paynei (e.g. Maia-Herzog et al. 1984; Shelley et al. 2002a Shelley et al. , 2010 were each subdivided into different subgroups in the barcode NJ tree (Fig. 1) , which might be expected if more than one sibling species was represented. Interestingly, five other species (S. piperi, S. canadense, S. tarsatum, S. duodenicornium and S. rostratum) also formed sub-clusters with well supported bootstrap values in the NJ tree (Fig. 1) . Therefore, they were analyzed in combination with known or putative species complexes (see Table 4 ). High levels of genetic divergence were found among members of some known sibling species complexes, S. tuberosum s.l. 0%) probably because of the relatively small number of specimens examined. In addition, these specimens were also collected at the same locality, making it possible that only one sibling species was barcoded from the complex.
Putative species complexes such as S. murmanum ) and S. paynei (Adler et al. 2004) , showed high values of genetic divergence (3.5% and 3.0%) indicating that they might consist of sibling species. Simulium paynei showed three subgroups with more than 80% support values: group I-Belize, group II-USA, and group III-Costa Rica, while S. murmanum split in two subgroups in the USA (Fig. 1) .
In those morphospecies with well supported subgroups in the NJ (see above), high levels of intraspecific divergence was only obtained from S. tarsatum (3.2%) and S. rostratum (3.0%). In the remaining three species (S. piperi, S. canadense, and S. duodenicornium) the level of divergence ranged between 0.9% to 1.3%. Rivera and Currie (2009) also found a high level of genetic divergence within S. rostratum, and they could find no obvious geographical pattern. Similarly, the species S. piperi and S. duodenicornium showed well supported splits (above 80%) (labelled I and II in the NJ- Fig. 1 ), but their level of genetic divergence was relatively low. In spite of the low level of divergence between specimens of S. canadense (1.3%), two sub-clusters were identified with 89% and 94% bootstrap support values. Adler and Crosskey (2010 , 2011 have postulated the probable existence of species complexes in S. piperi and S canadense based on their extended distribution (Canada, Mexico and USA), morphological variation in the gill pattern and female thoracic coloration (of S. piperi), and preliminary cytological data information (in S. canadense), although the presence of cytologically recognized sibling species remains to be confirmed.
With regard to S. tarsatum, the level of genetic divergence is much higher than in the other species (3.2%). The specimens form two well defined subgroups (here designated as groups I and II) in Costa Rica, which are morphologically identical. The pattern of intraspecific variation in species with a wide distribution, and its significance for DNA-based identification has not been well evaluated, although Rivera and Currie (2009) found positive correlations in at least some species, and it seems that this could be true of S. tarsatum. Hernández and Shelley (2005) and Shelley et al. (2002b) detailed the complicated taxonomy, biology and distribution of S. tarsatum, and postulated that S. tarsatum might be a species complex because it is widely distributed in South America and extends into Central America and the Caribbean. In the majority of localities S. tarsatum is zoophilic, but there are records of this species man-biting in Colombia, Ecuador and Venezuela (Shelley et al. 1989) , which is sometimes an indication of the existence of a species complex in Simuliidae (Shelley et al. 2000) . The DNA barcoding data obtained here seem to support this possibility.
Interspecific pairwise K2P genetic divergence between species complexes ranged from 3.8% to 17.4%. Of these, species complexes within the same subgenus or species groups showed smaller values of divergence (e.g. ORBITALE species group: S. guianense s.l., S. duodenicornium-3.8%), while species from different subgenera had higher values (e.g. ORBITALE species group-S. guianense s.l., and subgenus Aspathia, S. piperi-17.4%) ( Table 5) .
TABLE 4. Levels of genetic divergence in known and suspected species complexes and number of individuals per taxon (full barcode data set).
Midi-and mini-barcodes
The process by which a shorter DNA barcoding sequence could be obtained from selected taxa of the subgenus Trichodagmia proved to be troublesome and time consuming. Although there is a paucity of the DNA barcoding data obtained from museum specimens in this study (Table 2 ), a number of conclusions can be drawn from the tests carried out with regard to specimen's preservation, age and extraction techniques.
In general, numerous specimens produced no detectable DNA from the second PCR amplification at BIO. Positive second PCRs at the MBF also gave no results in the sequencing stage for many samples, and in other cases, multiple bands (contamination) were obtained ( Table 2) . A total of 52 midi-barcode sequences were obtained either at BIO or MBF out of approximately 80 specimens tested. BLAST searches retrieved only 31 sequences correctly identified (59% identification success). Twenty sequences were identified to a different species or even a different subgenus, and chimera sequences were also identified in two cases. The species for which midibarcodes provided a correct identification were as follows: S. duodenicornium (1 specimen), S. freemani (3 Adler et al. (2004) . This work [see subgroups in Fig. 1 ] 17 1.37 Shelley et al. (2002a) . This work [see Fig. 1 ] 33 3.28
S. (Trichodagmia) canadense
S. (Trichodagmia) tarsatum
S. (Trichodagmia) duodenicornium
This work [see Fig. 1 ] 17 0.94 . This work [see Fig. 1 ] 2 3.07 specimens), S. guianense s.l. (10 specimens), S. hirtipupa (4 specimens), S. itaunense (1 specimen), S. nigrimanum (9 specimens), S. orbitale (1 specimen), S. rubrithorax (1 specimen), and S. scutistriatum (1 specimen). When the midi-barcodes were analyzed together with full barcode sequences, most of the midi-barcodes specimens clustered in the NJ tree with other members of the same species or species groups (shown in Fig. 2 ) with more than 80% bootstrap support. Similarly, obtaining mini-barcodes also proved problematic. Eighteen specimens were tested for mini-barcodes with ages of one, two, three, five, eight and 73 years old, and preserved either pinned or in alcohol. Of these, only five specimens gave readable sequences (27% success), and problems with DNA contamination and multiple bands were encountered (Table 2 ). This may be due to DNA contamination of non-specific amplification. However, BLAST searches of these five readable sequences provided a correct species identification: S. hirtipupa (three specimens, eight years old) and S. duodenicornium (two specimens, five years old).
With regard to the different methodologies employed, adding legs from recently collected, link-reared specimens (1-2 yrs old) directly to the Eppendorf tube containing the PCR mix was a fast and cheap method to obtain molecular data. Ten specimens tested all produced good PCR products and readable sequences. Problems encountered with static electricity within Eppendorf tubes proved to be troublesome making the handling of the legs difficult [legs did not stay in the tube where they were placed jumping outwards and sticking to the tip of the forceps]. Nonetheless, DNA barcoding campaigns in blackflies or other insect groups might benefit from this approach in terms of cost, speed, and reliability. In Simuliidae, it also has added values that COI data can be linked to reliably identified specimens, as link-reared material usually provides the best range of diagnostic characters for both pupae and adults. Once the COI sequence database is developed, it will be possible to even identify larvae to the correct species.
The specimen's age also affected the DNA yields. No specimens of more than 10 years old gave good PCR products, which agrees with the findings of numerous studies (Hebert et al. 2003a,b) . It seems that more sensitive techniques such us Phenol-Chloroform extraction methods might have to be used for these specimens, but these methods are known to be even more time consuming, labour intensive and are hazardous (Kramvis et al. 1996) . Thus, the use of old museum specimens might not be the right approach, if a rapid identification COI barcoding library needs to be developed.
Non-destructive DNA extraction techniques, such as adding the adult's abdomen into a lysis buffer showed promising results. All nine specimens collected within the last eight years and processed in this way yielded a full length barcode sequence (Table 2) . After treatment abdomens were very clean and transparent, and therefore did not require the usual maceration and clearance stage before dissection to examine the structure of their genitalia. In general, destructive DNA extraction techniques for specimens preserved in alcohol 80-100% gave the best results in 8 to 10 year old specimens with regard to DNA yield and sequence quality (Table 2 ). However, both larval specimens preserved in 'weak' Carnoy's (9:1) also provided full barcodes. Thus, the latter preservation condition might be ideal for obtaining DNA and cytogenetic data from the same specimen.
Discussion
The relative morphological homogeneity of blackflies does not lead to a straightforward taxonomy for most subgenera of the genus Simulium. There is a requirement for the application of potentially more sensitive methods such as molecular markers for both species identification and phylogenetic inference (especially because of the medical importance of Simuliidae). In recent years, technological advances have enabled the use of DNA sequences to estimate the evolution of the Simuliidae at the genus and subgenus levels, albeit with poor success (Moulton 2000 (Moulton , 2003 . However, molecular markers have proved useful as an aid for identification of the vector species of O. volvulus, and in the separation of other closely related taxa (e.g. Adler et al. , 2011 Adler et al. , 2012 Agatsuma et al. 1993; Brockhouse et al. 1993; Post & Flook 1992; Pruess et al. 1992; Rodríguez-Pérez et al. 2004 Scarpassa & Hamada 2003; Toé et al. 1997) .
At present, the DNA barcoding region of the mitochondrial COI gene is the front-runner as a molecular marker for species identification of animals in general, and possibly for the discovery of cryptic diversity (Hebert et al. 2003a,b) . It has also been shown that DNA barcoding can be a versatile tool in species identification in many groups of organisms, especially when it is integrated in morphological frameworks (e.g. Hebert et al. 2003a; Janzen et al. 2005; Smith et al. 2006 Smith et al. , 2007a Smith et al. ,b, 2008 . The detailed morphotaxonomic revision of the subgenus Trichodagmia by Shelley et al. (2010) in Brazil and Hernández (2011) in the New World paved the way to test the robustness of DNA barcoding for revealing hidden diversity in a group of morphologically difficult species. Cywinska (2006) claimed that in order to be effective a DNA-based identification system needs to satisfy three conditions: 1-it must be possible to recover the target DNA from all species; 2-the sequence information must be easily analyzed, and 3-the information content of the target sequence must be sufficient to enable species-level identification. The three conditions were met for Trichodagmia using COI barcodes, especially from specimens that had been recently collected and were preserved in alcohol or pinned.
DNA barcoding campaigns also require a sufficient level of taxonomic expertise in the target group, because reliable a priori identifications need to be associated with each specimen. They also require sufficient manpower, because this is critical for the taxon sampling, sequencing and input of the specimens' data (including digital images) into a taxonomic database such as BOLD. These conditions are critical and the loss of taxonomic expertise in certain groups (and the increasing lack of funding for taxonomy) can endanger the success of barcoding campaigns. Moreover, barcoding campaigns frequently advocate prospecting specimens held in museums in order to obtain DNA data. This requires that: 1-the specimens have been correctly identified (and this is not always the case-even in Museums); 2-personnel are available and are capable of sampling the collection; and 3-the museum/institution agrees. With regards to the subgenus Trichodagmia, these conditions were met.
Nearly all well-established morphospecies in the subgenus Trichodagmia formed well-defined groups in the Neighbour Joining (NJ) tree based on DNA barcodes (Fig. 1) . Genetic divergence between morphospecies averaged 11.2% (range 2.8-19.5%), whereas intraspecific genetic divergence within morphologically distinct species averaged 0.5% (range 0-1.28%) ( Table 1 ). In known species complexes, maximum values of genetic divergence (3.28-3.79% ) indicated the presence of cryptic diversity (Table 4) , and these values agree with those observed by Rivera and Currie (2009) for Nearctic Simuliidae, and those observed by Cywinska (2006) for Nearctic mosquitoes. The existence of well defined groups in the NJ tree within S. paynei is concordant with its putative status as a sibling species complex, and similarly well defined groups within the morphospecies S. piperi, S. duodenicornium, S. canadense, S. rostratum and S. tarsatum indicated cryptic variation and the possible existence of species complexes (especially S. tarsatum with high levels of within-species diversity).
It was possible to recover and align the COI DNA barcode fragment in the majority of the species of the subgenus Trichodagmia. Adding legs directly to the PCR mix from relatively freshly collected and link-reared specimens was a cheap and fast method for obtaining full barcodes. However, specimens collected more than 10 years ago did not yield reliable and readable sequences. Efforts to obtain a shorter barcode sequence (midi-and mini-barcodes) proved to be problematic in terms of the quality of the sequence and were also time-consuming, especially the optimization of the DNA extraction and PCR methods. However, in cases where a readable sequence was obtained, they provided a good resolution in species identification (Fig. 2) , as it has also been found by Hajibabei et al. (2006a) and Meusnier et al. (2008) . Nonetheless, this approach should not be seen as a replacement option for sampling taxa for which no fresh or recently collected material is at hand. Rivera and Currie (2009) have explored some of the limitations of the DNA barcoding of blackflies, especially the difficulty of obtaining DNA from larvae fixed in Carnoy's solution. They recommended dividing the larvae into three parts soon after collection, with the abdomen preserved in Carnoy's for cytological analysis, the thorax in alcohol for molecular analysis, and the head retained as a voucher in alcohol for morphological studies. This approach would have to be adopted for the comparative study of morphological, polytene chromosome and DNA barcode variation that would be necessary to confirm (or refute) the existence of sibling species and the distribution of DNA barcode variation, but if DNA barcoding proves useful within Trichodagmia it is likely to replace both morphotaxonomy and cytotaxonomy for routine identification in large biomonitoring programs, or for rapid, countrywide biodiversity studies. DNA barcoding uses mitochondrial DNA and unlike cytotaxonomy it does not provide a direct test of reproductive isolation for the exploration of species boundaries under the biological species definition (because it is maternally inherited). It does however reveal cryptic variation which might be interpreted according to a phylogenetic species concept, but it will be necessary to have a much better understanding of the concordance (or disparity) of these two approaches from empirical comparative studies of blackflies before dispensing with one or the other.
Regardless of the current arguments against the use of COI barcoding gene in phylogenetic studies, it can be expected that the COI gene carries some phylogenetic signal. In this study, the DNA barcode NJ tree profile of the subgenus Trichodagmia, and the related subgenera Aspathia and Simulium s.str., exhibited some degree of concordance with that of Rivera and Currie (2009) , and the morpho-phylogenetic concept proposed in Shelley et al. (2010) , Hernández (2011) and Adler et al. (2004) . When the full barcode dataset was analyzed employing the maximum likelihood algorithm [tree not shown], species of the subgenus Aspathia and Simulium s.str., and the PICTIPES and ORBITALE species groups formed monophyletic groups. In addition, species related to the complex S. virgatum s.l. in the TARSATUM species group were also recovered in a single cluster (S. hippovorum, S. paynei and S. rubrithorax). However, a combination of other mitochondrial markers (e.g. ND4, COII) with nuclear region markers such as ITS, and DNA data from species of the ALBELLUM species group, might enable the reconstruction of the deeper phylogenetic relationships of the subgenus Trichodagmia within the tribe Simuliini.
Of the 340 valid South American simuliid species recognized by Shelley et al. (2010) and Hernández (2011) only 118 species belonging to the genera Cnesia, Gigantodax, Lutzsimulium, Paraustrosimulium, Pedrowygomyia and Simulium have been barcoded to date (including this study). No barcode data exist for species of the genus Tlalocomyia, and only a handful of species (1-3 taxa) have been barcoded in the subgenera Aspathia, Pternaspatha and Psilopelmia. This work also augments DNA barcoding data from three species occurring in North America (S. claricentrum, S. innoxium, and S. pictipes). Even though some of the main river blindness vectors in Latin America (e.g. S. guianense s.l., S. metallicum s.l., S. oyapockense s.l.) or highly anthropophilic species such as S. nigrimanum, S. quadrivittatum and S. ganalesense (Pepinelli et al. 2009 ) have been barcoded, there is still much work to be done in this area. For example, no data are available for other vector species such, S. ochraceum s.l., and S. exiguum s.l., nor for populations of these species in different foci of the disease.
With regard to the species complexes, little is known about the DNA barcoding profile of each of the main vector complexes in combination with their chromosomal banding pattern across their distribution range, thus highlighting the continuing need for research using an integrated taxonomic approach on the family Simuliidae in the Neotropical Region.
In summary, the COI barcoding gene correctly distinguished nearly 100% of the morphologically distinct species in the subgenus Trichodagmia (with only three specimens showing obviously problematic identifications), demonstrating its versatility as a DNA identification system in this subgenus. It has also been shown in this work that COI barcoding might be a versatile tool in revealing high levels of genetic diversity in known species complexes (S. guianense s.l., S. virgatum s.l.) , supporting the existence of putative complexes (S. paynei), and indicating the putative presence of new complexes (e.g. S. tarsatum). For other taxa, with low level of genetic diversity, the COI barcoding profile showed several well-supported divergences in the NJ tree, highlighting the possibility of the existence of cryptic species (e.g. S. canadense, S. duodenicornium). We envisage that DNA barcoding might be a powerful identification tool and a versatile aid in establishing species boundaries when coupled with morphotaxonomy and cytogenetic analysis.
This study has also demonstrated that the employment of an integrated taxonomic approach is the way forward to study the systematics of the subgenus Trichodagmia and other taxa of Simuliidae in the Neotropical Region, and the rest of the world. The phylogenetic analysis carried out by Hernández et al. (2011) helped to give confidence in the classification which had been proposed on the basis of morphotaxonomy, but provided little assistance to problems of species delineation. In contrast, the DNA barcoding was extremely successful in providing characters for species identification (of all life stages) and could be a useful aid to species delineation issues, by indicating cryptic diversity within morphospecies. However, the DNA barcoding data were less useful for classification, because they only reflected a few "groups" obtained in the phylogenetic analysis. Thus, the combination of the three approaches yielded the best result.
Nonetheless, much work is still required to assess the evolutionary relationships of the subgenus Trichodagmia and its constituent species, especially in those groups that have been relatively neglected such as the CANADENSE species group. Further collecting is still required to obtain new material for poorly known species such as S. falculatum, S. jeteri, S. nigricorne, S. paracarolinae, S. perplexum, S. temascalense, and S. tarsale, which will augment the currently available data-set to address some of the issues still pending in Trichodagmia.
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